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Abstract
Some gamma ray bursts may be produced by supernovae exploding in close mas-
sive binary systems (type Ib/c supernovae) as suggested by the recent observation of
SN 1998bw/GRB 980425. We propose that high energy radiation observed in such
gamma ray bursts may be produced by synchrotron radiation of electrons acceler-
ated by 1st order Fermi acceleration at a quasi-stationary shock in the high velocity
SN ejecta colliding with the companion star or some other nearby massive object.
Nuclei would also be accelerated, and could give rise to an observable fluence of
high energy neutrinos at Earth.
keywords: gamma-ray bursts { supernovae; acceleration mechanisms, gamma-rays,
neutrinos, theory
1 Introduction
The gamma ray burst (GRB) source GRB 980425 was observed in low energy γ-rays by
the OSSE [1] and Beppo-SAX detectors [2]. It was rather a weak burst with the spectrum
being well described by a smoothly broken power law with a break at  150 keV with a
photon spectrum index above the break of -3.8 (i.e. essentially a cut-o) and an index
below the break ranging from about -1 during the rise to about -2.6 during the decay [3].
From the observed fluence at 2{26 keV and 40{700 keV [4] we estimate an average photon
index of  −1:9 during the burst which was of duration  40 s [1]. This average photon
spectrum index is close to -2 expected for complete cooling of an E−2 accelerated electron
spectrum produced by shock acceleration.
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Supernova 1998bw was discovered at a redshift 0.0085 to be within the error box of
the GRB 980425 [3], and such a coincidence has been estimated as being very unlikely to
occur by chance. This supernova was an unusual type Ib/c supernova with an estimated
kinetic energy  3  1052 erg [5], very strong radio emission, and had the highest ever
observed expansion velocity of vs = 60000 km s
−1, even days after the explosion [6].
The identication of GRB 980425 with this supernova allows one to estimate the peak
luminosity of the burst to be  (5:5 0:7) 1046 erg s−1, and its total ‘γ-ray’, or rather
X-ray to hard X-ray, energy budget to be (8:1 1:0) 1047 erg [3].
Models of GRB usually assume that the hard (> MeV) γ-ray emission observed in
some GRB is produced by material moving with relativistic bulk motion with Lorentz
factor  102−103, either in the external medium [7] or during internal interactions of the
moving plasma [8, 9]). If protons are accelerated in such highly relativistic flows, they
should produce neutrinos with observable fluxes [9, 10, 11, 12]. Observations of extremely
energetic and rapidly variable bursts at cosmological distances (e.g. GRB 971214 [13]; or
GRB 990122 [14, 15]) indicate that sources of these bursts emit γ-rays highly anisotrop-
ically [16]. Possible scenarios for GRB sources have been recently proposed by Woosley
in the collapsar model [17], Paczynski in the so called \hypernova" model [18], and Vi-
etri & Stella in the SupraNova model [19]. In these models the formation of a rapidly
spinning black hole or neutron star plays a basic role in production of highly relativistic
anisotropic outflows (jets). However, at present there are no detailed models explaining
how such highly relativistic jets can be produced, although such jets are known to occur
in active galactic nuclei.
GRB 980425 seems to belong to the class of long duration GRB [20] with no hard
γ-ray emission (about 25% in the BATSE sample [21]), and so the arguments requiring
highly relativistic motion of the emission region do not apply to this object. Its energy
in X-rays/hard X-rays is also orders of magnitude lower than the most energetic GRB
observed. In fact, SN 1998bw, which is thought to produce this burst, showed unusually
strong radio emission [22] but with a low level of polarization which might be interpreted
as suggesting that the explosion was rather spherical, and did not involve highly collimated
outflows.
Berezinsky et al. [23] described a model in which a type Ia supernova of a white dwarf
in a binary system with a red giant caused a GRB. It is believed that supernovae exploding
in close massive binaries produce type Ib/c supernovae [24]. In this paper, we propose a
model for GRB 980425 type bursts in which the presence of a massive companion star to a
type Ib/c supernova plays an essential role. (Possible associations of GRB with supernovae
SN Ib/c have been discussed in ref. [25]). The presence of dense matter very close to the
burst origin, which is not expanding relativistically, is required by recent observations of
iron lines from some GRB sources (e.g. GRB 970508 and GRB 970828 [26, 27]). Because
these lines are not signicantly blue-shifted they must be produced in the rest frame of
the galaxy, and so could not be produced in the frame of a highly relativistic outflow.
Meszaros and Rees [28] propose that an iron line may be produced on the surface of a
close massive companion to the GRB (i.e. a massive supernova).
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We suggest that electrons and nuclei may be accelerated at a stationary shock which
could occur as a result of the interaction of the high velocity component of the SN ejecta
with the companion star. Very collimated high energy radiation may then be produced, for
example, as a result of a highly anisotropic distribution of accelerated particles accelerated
at a relativistic shock, or by the magnetic eld and shock topology in the acceleration
region. Provided the time available for acceleration since the formation of the shock is
sucient, the maximum energy occurs when the acceleration rate is balanced by losses,
usually due to synchrotron emission in the case of electrons (also in the case of nuclei in one
scenario we consider), and usually by pion production in collisions with matter in the case
of nuclei. Radiation elds also provide potential photon targets for interaction of energetic
electrons and nuclei, and we assume that the radiation eld inside the acceleration region
has two main components, thermal radiation from the surface of the companion star, and
thermal radiation from the SN photosphere. Note that thermal radiation is observed in
about 30% of GRB as soft X-ray precursors and tails with characteristic temperatures of
1-2 keV [29, 30].
In Section 2 we estimate the model parameters, discuss energetics, beaming, accel-
eration and interactions. In Section 3 we estimate the flux and fluence of high energy
neutrinos. In Section 4 we further discuss our assumptions, and our conclusions are
summarized in Section 5.
2 Model Parameters
In this section, we estimate the physical parameters of the model to determine the maxi-
mum energies of the accelerated particles, and the flux of high energy neutrinos resulting
from subsequent hadronic interactions. First we shall use the observed GRB duration
together with a model of the density of the SN ejecta to estimate the distance of the
emission region of the X-ray to hard X-ray burst from the centre of the explosion under
the assumption that the burst ends when the ejecta becomes optically thick to Compton
scattering.
As the supernova shock wave moves outward through the pre-supernova star the outer
layers are accelerated to become the supernova ejecta. The temperature of the reball is
typically a few 106 K at shock break out (see Table 2 in ref. [21]). However, as the ejecta
homologously expands the photosphere radius rapidly increases and the temperature de-
creases. For an initially exponentially declining density prole, the density and Lorentz
factors of the ejecta at radius r are related by
Q  Γ(r3)0:2; (1)
where Q = (3{4) 105 g0:2 is obtained from simulations of supernova explosions [21], Γ is
the Lorentz factor of matter moving with velocity c,  is the density of matter in g cm−3,
and r is the radial distance from the centre of the explosion in cm. We shall make the
assumption that the ejecta is 100% fully ionized carbon in type Ib/c supernovae. Eq. 1
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allows us to obtain the density of matter at the distance of the companion star Rsep as a
function of time t measured from the explosion,
(t; Rsep) = c
5Q5[1− (Rsep=ct)2]5=2t5R−8sep: (2)
We use this density, for Q = 3:5  105 g0:2, to obtain the radius of the photosphere
which we dene to be the radius corresponding to unit Thomson optical depth from this
radius to innity (T = 1 for 5.1 g cm
−2 of fully ionized carbon). In Fig. 1 we show the
photosphere radius, Rphoto, as a function of time since the explosion.
We assume the photosphere emits black-body radiation, and so its temperature is
given by
Tphoto = 1:94 105L1=442 R−1=2photo; 12 K (3)
where L = 1042L42 erg s
−1 is the bolometric luminosity and Rphoto = 1012Rphoto; 12 cm. The
bolometric luminosity of SN 1998bw was  1:7 1042 erg s−1 shortly after the explosion
(see g. 3 of ref. [21]), giving the temperature of the photosphere as a function of time
also shown in Fig. 1.
In Fig. 2 we show, as a function of distance from the centre of the explosion, i.e.
the separation Rsep between the centre of pre-supernova star and the companion star,
the time delay between the arrival of the fastest possible signal, t0 = Rsep=c, and the
arrival of the photosphere at a later time, tphoto. In our model, the GRB is produced
near the companion star, and the arrival of the photosphere determines the end of the
GRB emission because at that time the optical depth of escaping X-rays/hard X-rays to
Compton scattering is 1, and subsequently rapidly increases. Clearly, for the model to
be viable, the separation must be greater than the radius of the companion star. From
Fig. 2, the observed burst duration of  40 s implies a separation of 3:4 1012 cm, which
satises this condition, unlike bursts of much shorter duration. Interestingly, this is of
the same order of magnitude as close binary separations. We note that this distance
scale also determines the time delay between the beginning of the UV flash, which is
due to emergence of the SN shock wave from the surface of the pre-supernova star, and
the beginning of the γ-ray burst which may occur when sucient fast matter arrives at
the companion star and shock acceleration begins. We therefore expect, as a natural
consequence of our model, a correlation between the time delay of the GRB with respect
to the UV flash and the duration of the GRB; longer GRBs should appear later after the
UV flash. An early optical flash, with respect to the GRB, has been observed recently in
the case of GRB990123 [31, 32], and may be a typical feature of GRBs.
Having estimated the distance of the GRB emission region from the pre-supernova star
in the present model, we need next to determine the physical conditions there, and will
start with the radiation eld. We assume that the radiation eld inside the acceleration
region has two main components: thermal radiation from the surface of the companion
star, and thermal radiation from the SN photosphere. Nonthermal radiation in the sub-
MeV range will also be present during the burst duration, but for beaming factors obtained
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later, this will have too low a photon density to provide a signicant target for interactions
of electrons or nuclei. For the thermal radiation from the surface of the companion star
we assume black-body radiation with a temperature of 3 104 K, as being typical of OB
stars.
We have already shown in Fig. 1 the temperature of the photosphere at time t (dashed
curve), and it is seen to be below 1:5  105 K for t > t0. However, the light received at
the companion star at time t was emitted at an earlier time when the photosphere was
hotter, and the solid angle subtended by the photosphere was smaller. We must therefore
take care to include the light propagation times from the expanding photosphere as shown
in Fig. 3. A photon emitted from the photosphere at point A at time t1 arrives at the
companion star at point B at time t2 provided
cos  = [R2sep + c
2(t2 − t1)2 −R2photo(t1)]=[2Rsepc(t2 − t1)]: (4)
We show in Fig. 4 the maximum solid angle subtended by the photosphere, Ωphoto, for the
maximum angle max; we dene the time of emission of light corresponding to max to be
t = temit. We show the temperature of the photosphere at time t = temit, which we shall
use for the thermal radiation from the SN photosphere assuming a black-body spectrum
with temperature T = Tphoto(temit) but diluted by factor Ωphoto=4.
We must make some assumption to determine the magnetic eld to be used in the
acceleration and synchrotron radiation processes. Since we are interested in knowing the
magnetic eld at times before the SN photosphere has reached the companion star, it
seems unreasonable to argue that it is in equi-partition with the SN thermal radiation
eld. Instead we shall consider the likely location of the shock in relation to the companion
star, and this will depend on the ram pressure of the arriving SN ejecta, pram = (γc)(c).
We will then be in a better position to decide on the most appropriate magnetic eld.
The fastest possible matter reaches the companion star at t = t0  Rsep=c, and matter
with velocity c will reach the star at time t = Rsep=c. The estimated burst duration,
tGRB  40 s then allows us to determine minimum velocities of SN ejecta near the
companion star over the duration of the GRB,
 > min = t0=(t0 + tGRB)  0:74; (5)
corresponding to Lorentz factors Γ > Γmin = 1:48. The Lorentz factors of matter arriving
at r = Rsep are plotted as a function of (t− t0) in Fig. 5. The density and ram pressure
are plotted in Fig. 6. The ram pressures plotted far exceed those present in the stellar
wind of a typical OB star, and also exceeds a magnetic pressure of  4  104 erg cm−3
corresponding to a stellar surface magnetic eld of 103 G. The shock will therefore be near
to the stellar surface, and extend around and beyond the star. We expect that the SN
ejecta, being ionized, is able to compress the star’s dipole magnetic eld until its magnetic
pressure balances the ram pressure. The shock would then occur at a height
hshock  0:5RstarBstar=Bram (6)
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above the surface of the star, where Rstar  1012 cm is typical of the radii of OB stars,
Bstar  103 G is a reasonable surface magnetic eld for OB stars, and Bram 
p
8pram.
For the ram pressures at (t − t0) = 1 s, 10 s, and 100 s, the shock height would be
hshock  1:610−2Rstar, 1:610−3Rstar, and 1:510−4Rstar, respectively. If, as seems less
likely to us, the dipole eld were not eciently compressed the shock would occur deep in
the stellar atmosphere, and shock acceleration would be quenched by energy losses due to
interactions with matter. However, around the sides of the star the density at the shock
would be lower, and shock acceleration may proceed in magnetic eld B  Bstar. We
therefore consider two possible values of the magnetic eld: B  103 G as at the stellar
surface, and B  p8pram.
2.1 Synchrotron radiation by electrons
In our model, the X-ray to hard X-ray burst is due to synchrotron radiation by electrons
in a region of comparable size to the companion star. Before going further, we should
rst check whether synchrotron self-absorption for the assumed magnetic elds of 103 G,
and  106 G at (t− t0) = 40 s, is likely to present any problems for the model.
The optical depth for photons with frequency  (in Hz) is given by [33]
ss = 0:019L(3:5 109)γKB(γ+2)=2−(γ+4)=2; (7)
where L is the extent of the source along the line of sight, γ  2:8 is the power law spectral
index of electrons in the source which we infer from the average photon spectrum index
of 1.9 (see Section 1). The constant K is
K = 7:4 1021(I=LB)(=6:26 1018)(γ−1)=2; (8)
where I is the intensity of synchrotron photons at frequency  (in erg cm
−2 Hz−1 s−1
sr−1). Assuming that photons are absorbed when ss is greater than one, we estimate that
photons with frequency,
 < 1:5 1013I2=5 ; (9)
are absorbed for B = 106 G. The intensity of synchrotron photons at the source is related






where S is the projected area of the source of synchrotron photons, and D is the source
distance. From Eqs. (9) and (10), we nd that if the emission area of 1 keV synchrotron
photons is larger than  2:7  1016 cm2, i.e.  10−8R2star, the photons are not self
absorbed. This limit is less restrictive for 103 G ( 8:5  1014 cm2), and so we can
reasonably neglect synchrotron self-absorption.
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We next check that the Razin eect (see e.g. [34]) could give rise to a low energy
cut-o in the X-ray flux during the GRB. With an electron number density in the SN
ejecta ne  =2mp  1013 cm−3 at (t− t0) = 40 s, we nd the Razin eect cut-o would
be below 1 keV provided B > 4 10−3 G, and again we can safely neglect this.
We assume acceleration of electrons and protons occurs at a shock created by the
interaction of the SN ejecta and the binary companion star at a rate
dE=dt = Ec=rg  9 103B GeV s−1 (11)
where  is the acceleration rate parameter, rg is the gyroradius, and B is in Gauss. (Note
that although nuclei other than protons would be accelerated if present, in this paper we
shall only consider the consequences of acceleration of protons).
The value of the acceleration rate paramenter  can be determined from the assumption
that the maximum energy of the GRB spectrum is determined by a balance between
energy gains and synchrotron losses. The maximum Lorentz factor of electrons accelerated
in magnetic eld B is
γe;max  1:2 1081=2B−1=2: (12)
GRB spectra usually have a break in their spectrum close to a few hundred keV and in the
case of GRB 980425 the break is at max  150 keV; the spectrum cuts-o steeply above
this energy. Photons with this energy are produced by primary electrons with Lorentz




γ2e;max  300mec2 (13)
where Becr = 4:4 1013 G. From this equation we can uniquely estimate the value of the
acceleration rate parameter,
  10−3; (14)
and this is independent of the assumed magnetic eld.
2.2 Energetics and beaming
We assume an injection spectrum of electrons of the form
_Ne(E; t)  (1 + )−1kPkin(t)E−2= ln(γe;max=2); (15)
from E = 2mec
2 up to the cut-o energy γe;maxmec
2, where  is the electron to proton
ratio,  is a factor for the eciency of conversion of kinetic energy of SN ejecta into
ultra-relativistic particles at the shock, k  R2star=4R2sep gives the fraction of the SN
ejecta intercepted by the shock at the companion star, and Pkin(t) is the kinetic energy
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flux through a sphere of radius Rsep = 3:4  1012 cm centred on the explosion at time t.
The kinetic energy flux, Pkin(t), is plotted against time in Fig. 7 as the solid curve.
For an E−2 injection spectrum of electrons, complete cooling by synchrotron radiation
will produce an "−2 photon spectrum, as required. The total power in the synchrotron
emission will then be close to the total power injected in relativistic electrons. The
observed synchrotron power will depend on the beaming of electrons in the observer’s
frame, which will also be the shock frame for a quasi-stationary shock (neglecting the
small eect due to the redshift of SN 1998bw). For (t−t0) < 100 s the shock is relativistic,
and the distribution of accelerated particles will be highly anisotropic. Typical angles of
particles returning from upstream to the shock are  p2=Γ as measured in the upstream
frame [35] which is also the frame of the SN ejecta at the shock. Transforming to the shock
frame (observer’s frame) we nd typical angles beam  1=
p
2Γ2. Hence the beaming solid
angle will be Ωbeam = 2(1− cos beam)  =2Γ4.
We have added to Fig. 7 the product of the kinetic energy flux, the fraction of the SN
ejecta intercepted by the shock at the companion star, and the beaming factor 4=Ωbeam =
2=(1− cos beam)  8Γ4. We see that the resulting ‘apparent kinetic energy flux’ available
(dashed curve) is approximately constant at  1047 erg s−1 while the shock is relativistic,
and then increases with time. This is interestingly of the right order of magnitude, about
a factor of 4 higher than that observed for the X-ray to hard X-ray emission during the
 40 s of the burst, but implying a very high eciency,   0:5. Nevertheless, we nd
it encouraging as the model will be sensitive to the input parameters, and it may well
be possible to obtain agreement with the data with more reasonable energy conversion
eciencies for dierent input assumptions for the SN explosion parameters and shock
geometry. From now on, we will assume that the apparent kinetic energy flux available
has the energy dependence as given by the dashed curve in Fig. 7, and is normalized such
that for (t − t0) < 100 s it is equal to the estimated peak luminosity of GRB 980425
multiplied by (1 + 1=) where  is the electron to proton ratio.
2.3 Acceleration and interaction of electrons and protons
We next estimate the maximum energies of electrons and protons accelerated at a shock
near the companion star at various times later than t0. We show time scales for accelera-
tion, and various loss processes, in Fig. 8 for B = 103 G, and in Fig. 9 for B =
p
8pram.
Each gure has four parts corresponding to the following times: (a) (t − t0) = 1 s, (b)
(t − t0) = 10 s, (c) (t − t0) = 100 s, and (d) (t − t0) = 1000 s. For acceleration we
assume   10−3. For interactions with matter (bremsstrahlung and Coulomb/ionization
interactions by electrons, pion production interactions of protons with nuclei, i.e. ‘pN ’
interactions) we use the density given in Fig. 6 and assume a composition of 100% carbon,
taken to be fully ionized when calculating bremsstrahlung and Coulomb/ionization losses
[37]. We base the energy dependent p-Carbon nucleus cross section we use on the p-air
nucleus cross section [36]. For interactions with radiation (inverse Compton scattering by
electrons, and Bethe-Heitler pair production, and pion photoproduction by protons { see
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e.g. [38, 39]) we consider two components of the radiation eld: 3  104 K black-body
starlight component, and diluted thermal radiation from the SN photosphere as discussed
previously. Time scales for all these processes are shown in Figs. 8 and 9, together with
the time available for acceleration and interaction processes to occur, i.e. (t − t0). The
maximum energies, the loss processes responsible for the cut-os, and the emission pro-
cesses of the accelerated electron and proton populations are summarized in Tables 1 and
2 for B = 103 G, and B =
p
8pram, respectively.
Table 1: Maximum energies (GeV), cause of cut-o in spectrum, and emission processes
of electrons and protons for B = 103 G and  = 10−3 at distance r = 3:4 1012 cm.
t− t0 (s) Eemax Cause/Process Epmax Cause Process
0.32 60 Syn. 2:5 103 Time pN after  30 s
1.0 60 Syn. 8:0 103 Time pN after  30 s
3.2 60 Syn. 2:5 104 Time pN after  30 s
10.0 60 Syn. 105 Time pN after  30 s
31.6 60 Syn. 1:5 105 pN pN
100 60 Syn. 1:3 104 pN pN
316 10 Bremss. 200 pN pN
1000 0.1 Bremss. 2 pN pN
3160 0 Bremss. 0 pN pN
3 Results
Using the normalization for the proton spectrum described above, and assuming  = 1,
we have obtained the ( + ) flux at Earth for E
−2 proton spectra extending up to
the maximum energies of protons that will interact by pion production interactions with
nuclei as given in Tables 1 and 2. For this we have used recent parametrizations of cross
sections for γ-ray and e production resulting from pp interactions followed by pion decay
[40] appropriately scaled for ( + ) production. Results are shown in Fig. 10 for (a)
B = 103 G, and (b) B2=8 = pram. As can be seen, the higher magnetic eld model with
B2=8 = pram gives higher proton and neutrino energies, and a longer duration neutrino
burst. We have neglected the eect of synchrotron losses of muons before they decay as
this has an almost negligible eect on our results | only the 300 s curve in Fig. 10(b)
would change with a cut o at about a factor of 2 lower in energy than shown.
In Fig. 11(a) we show the ( + ) fluences for the two assumptions about B. In order
to determine whether or not the fluences predicted are likely to be observable with the next
generation of neutrino telescopes, which are planned to have areas approaching 1 km2, we
estimated the muon signal expected in a 1 km2 detector. We have estimated the number
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Table 2: Magnetic eld, maximum energies (GeV) of electrons (due to synchroton loss)
and protons, cause of proton spectrum cut-o, and proton interaction processes (energy
range in GeV, time of emission in s) for B2=8 = pram and  = 10
−3 at distance r =
3:4 1012 cm.
t− t0 (s) B (G) Eemax Epmax Cause Process (energy range, time)
0.32 104 20 3104 Time pN (<3104,  32)
1.0 3:2104 10 2:5105 Time pN (<105,  32); Syn. (>105,  32)
3.2 105 6 3106 Time pN (<105,  32); Syn. (>105,  32)
10.0 3:2105 3 107 Syn. pN (<105,  32); Syn. (>105,  32)
31.6 106 1.5 7106 Syn. pN (<105,  32); Syn. (>105,  32)
100 3:2106 1 3106 Syn. pN (<3105, 100); Syn. (>3105, 100)
316 1:3107 0.5 106 Syn. pN (<106, 316)
1000 5107 0.25 105 pN pN (<105, 1000)
3160 2:5108 0.1 103 pN pN (<103, 3160)
of events as a function of minimum muon energy using the P!(E ; Emin ) function given
in g. 2 of ref. [41] for Emin = 1 GeV, modied for other E
min
 values in a way consistent
with that given for Emin = 1 TeV. The eects of shadowing for vertically upward-going
neutrinos have been included using the shadow factor S(E) given in g. 20 of ref. [42].
The expected neutrino induced muon signal for the horizontal and vertical directions
corresponding to the neutrino fluences shown in Fig. 11(a) are shown in Fig. 11(b) where
they are compared with the atmospheric neutrino background expected during 100 s
within 5 of the source direction. We see that for GRB 980425 we would expect  3
muons above 1 TeV if B2=8 = pram, and  5 10−3 muons if B = 103 G. For nearer or
more powerful GRB|SN Ib/c associations, the signal expected would be higher.
4 Discussion
Since the beaming arising from relativistic shock acceleration seems to be a necessary
requirement for the GRB to be observable in our model, we discuss this now in more
detail. In the case of a plane relativistic shock it has been shown that typical angles of
upstream particles on returning to the shock are  p2=Γ as measured in the upstream
frame which is also the frame of the SN ejecta, and this result appears to be almost
independent of the scattering mechanism, if any (see e.g. ref. [35]). Thus, in the shock
frame (the observer’s frame in the case of the present model) the beaming solid angle
would be Ωbeam  =2Γ4. For high shock Lorentz factors, shock acceleration can therefore
essentially produce a beam of accelerated particles with a very narrow angular spread.
The accelerated electrons will radiate by synchrotron emission, and for injection of a
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parallel beam of electrons of energy γemec
2 into a regular magnetic eld at pitch angle
, the synchrotron emission will be beamed into solid angle Ωsyn  4 sin() sin(1=γe).
Examining Figs. 8(a)-(b) and 9(a)-(b) we see that typical values of γe that will contribute
to synchrotron emission of the X-ray to hard X-ray burst are 105 and 104, respectively.
Thus the intrinsic beaming due to the synchrotron process is narrower than that of the
accelerated particle beam for (t − t0) > 1 s, and our use of Ωbeam  =2Γ4 appears to
be appropriate. Realistically, the shock geometry may be oblique or perpendicular, and
will be changing as the ram pressure changes with time. This may give rise to special
eects analogous to apparent superluminal motion/beaming which may be present in
AGN, or superluminal acceleration [43] and shock drift acceleration which could possibly
enhance the beaming. Also, one should not forget that the companion star itself, and
therefore the shock, will be moving and this may modify the observed time dependence
of any observed flux. In addition, during the synchrotron process, it is the component of
momentum perpendicular to the eld direction which is cooled, giving rise to a further
beaming in the eld direction for the lower energy electrons, and the eld direction may
well be approximately in the direction of ejecta flow around the sides of the companion star
beaming the synchrotron radiation in that direction. Clearly beaming is a complicated
topic, and a full discussion is beyond the scope of the present paper. However, it does
seem plausible to us that the synchrotron radiation and high energy neutrinos from pN
collisions may be suciently beamed in our model for them to be potentially observable
from sources such as GRB 980425/SN 1998bw.
We next discuss the consequences of the assumed beaming to the statistics of the
association of GRB and SN type Ib/c. We note that the beaming solid angle increases
dramatically as the ejecta arriving at the shock changes from relativistic to mildly rela-
tivistic towards the end of the GRB. If the line of sight to the GRB is not well aligned
with the beaming direction, the start of the observed burst may be delayed somewhat
until the beaming angle expands to include our line of sight. However, towards the end
of the burst (dened by T = 1) the ejecta has slowed suciently such the beaming solid
angle is reasonably large. In the case of the shock at 3:4  1012 cm, Ωbeam = 0:34 sr at
(t− t0) = 40 s. The burst duration would be dierent for dierent binary separations, and
Ωbeam at the end of the burst duration would vary. We estimate that for burst durations
of 1 s, 10 s and 100 s, the nal beaming solid angle would be 0.17 sr, 0.5 sr, and 0.96 sr,
respectively. Assuming that all SN Ib/c produce anisotropically GRB of this type, and
applying a rate of SN Ib/c explosions per galaxy of  1 per 100 years, and a galaxy
density  1:7  10−2 Mpc−3 [46], we estimate that  3Ωbeam SN Ib/c type supernovae
closer than GRB 980425 should be observed per year in association with long-duration
GRBs.
In proton-nucleus collisions producing neutrinos through  !  ! e decay, electrons
will be produced, and γ-rays will result from 0 decay. However, because the mean
interaction time decreases very rapidly with (t− t0), pN collisions are rare until (t− t0) 
30{40 s when the mean interaction time becomes comparable to (t− t0). At this time, the
emission region is almost optically thick to X-rays and low energy γ-rays (T  1), and is
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rapidly becoming optically thick to high energy γ-rays (note also that the pair production
cross section in fully ionized matter has a strong logarithmic energy dependence), and
so whether these γ-rays will escape is questionable, and their subsequent cascading may
be of little consequence apart from returning energy to the ejecta as heat. However, if
these proton-nucleus collisions contribute to the X-ray to low energy γ-ray burst signal
near the end of the burst, the emerging photons will mainly result from a magnetic pair
production synchrotron cascade [44]. Such cascades may be important in active galactic
nuclei [45]. Since the mean free path for γ-rays in the higher magnetic eld model is very
short, the cascade would saturate very rapidly. This process degrades the highest energy
γ-rays and pairs to energies in the range  1 − 10 TeV. Gamma-ray photons with these
energies are absorbed on the black body photons in the source region creating e pairs
with similar energies. The pairs with such energies cool predominantly by synchrotron
radiation (see Fig. 9). As a result of such a cascade much of the initial energy of photons
and e from pion decay is transferred into photons with energies below electron rest mass
and may contribute to the nal stages of the X-ray to low energy γ-ray emission in some
GRBs. However, in some GRB|SN type Ib/c associations 100 MeV{GeV γ-rays could
be produced towards the end of the burst.
So far we have neglected synchrotron radiation by protons other than as an energy loss
process in determining the maximum proton energy, and in determining up to what energy
an accelerated proton spectrum will interact by proton-nucleus collisions (see Table 2).
In the case of B2=8 = pram, synchrotron radiation may give rise to observable photons
after (t− t0)  10{100 s (depending on proton energy) when synchrotron cooling becomes
ecient. Those photons produced with high energies will suer the same fate as those
produced by 0 decay at high energies described above. Examining Fig. 9(b) we see that
protons produced at (t − t0)  10 s with energies between  3  106{107 GeV will cool
eciently in a 3  105 G eld and could give a contribution in the keV range. As the
magnetic eld rapidly increases with time in this model, contributions at later times would
be at higher energies and would cascade as described earlier.
As we noted in the introduction, the UV flash should precede the GRB which would
only start when sucient SN ejecta reached the region of the companion star. We estimate
the time delay between the beginning of the UV flash and the maximum of the GRB flux
to be
tdelay  (1− min)Rsep=c: (16)
For min = 0:74 as estimated for GRB 980425 this delay is tdelay  30 s. For similar GRB
the delay will depend on the separation of the companion stars. Note that the separation
of the stars determines also the burst duration (see Fig. 2), and so our model predicts a
correlation between the GRB duration and the time delay between the beginning of the
UV flash and the maximum of the GRB flux.
We should mention that nuclei other than protons may well be accelerated at the shock,
particularly if the metal-rich SN ejecta itself is injected into the acceleration process. Since
the acceleration process actually depends on magnetic rigidity (momentum divided by
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charge), it may well be possible for nuclei to be accelerated to somewhat higher energies.
How this would aect the predicted neutrino signals may be left to a later paper.
Finally, we note that a shock in the SN ejecta could be caused instead by the presence of
a nearby massive dense cloud, or perhaps by the presence of piled-up stellar wind material
in the vicinity the pre-supernova star due to its stellar wind colliding with a nearby dense
object. Depending on the physical conditions, the resulting relativistic shock in the SN
ejecta may accelerate particles and produce an observable X-ray to hard X-ray burst, and
neutrino signal, in a way similar to that discussed in the present paper.
5 Conclusion
We have developed an alternative model of low-power long-duration GRB associated with
type Ib/c supernovae in which the X-ray to hard X-ray emission is produced as synchrotron
radiation by electrons accelerated at a shock in the SN ejecta caused by the presence of a
binary companion star to the pre-supernova star. In our model, the burst duration xes
the location of the shock in GRB 980425/SN 1998bw to be at  3  1012 cm which is a
reasonable binary separation. Nuclei will also be accelerated, and if the magnetic eld is
in equi-partition with the ram pressure of the SN ejecta at the shock, this could result in
an observable muon signal in proposed km2 high energy neutrino detectors.
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Figure 1: Radius and temperature of the photosphere as a function of time after the
explosion.
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Figure 2: Time delay between arrival of fastest matter (v ! c) and arrival of photosphere










Figure 3: Emission of a photon from point A on the photosphere at time t = t1, and
reception of the photon at point B at time t = t2. Point O is the centre of the SN
explosion.
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Figure 4: Temperature and solid angle subtented by photosphere as would be observed
from distance r = 3:4  1012 cm, as a function of time delay following arrival of fastest
matter.
Figure 5: Lorentz Γ and  of matter arriving at distance r = 3:4 1012 cm as a function
of time delay following arrival of fastest matter.
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Figure 6: Density and ram pressure of matter arriving at distance r = 3:4 1012 cm as a
function of time delay following arrival of fastest matter.
Figure 7: Kinetic energy flux of matter arriving at distance r = 3:41012 cm as a function
of time delay following arrival of fastest matter (solid curve). The dashed curve shows the
eect multiplying by the fraction k  0:2 intercepted by area R2star for Rstar = 1012 cm,




Figure 8: Acceleration time for B = 103 G and  = 10−3 (thick chain line), energy loss
time scales for various processes, and the time available for acceleration/losses (thin hori-
zontal line) are shown for distance r = 3:41012 cm as a function of energy for time delays
of (a) (t− t0) = 1 s, (b) 10 s, (c) 100 s and (d) 1000 s. The energy loss/interaction pro-
cesses shown are: synchrotron loss by electrons (thick solid line at left), synchrotron loss
by protons (thick solid line at right), ionization/bremsstrahlung loss of electrons (dashed
curve on left), hadronic interactions of protons with nuclei (dashed curve on right), inverse
Comption scattering of electrons on 3 104 K starlight (thin solid curve on left), Bethe-
Heitler pair production interactions and pion photoproduction interactions of protons on
3  104 K starlight (thin solid curve on right), inverse Comption scattering of electrons
on thermal SN radiation (thin dotted curve on left), Bethe-Heitler pair production inter-
actions and pion photoproduction interactions of protons on thermal SN radiation (thin
dotted curve on right).
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Figure 9: Acceleration time for B2=8 = pram and  = 10
−3 (thick chain line), energy
loss time scales for various processes and the time available for acceleration/losses (thin
horizontal line) at distance r = 3:4  1012 cm as a function of energy for time delays of
(a) (t− t0) = 1 s, (b) 10 s, (c) 100 s and (d) 1000 s. The energy loss/interaction processes
shown are as desribed in Fig. 8.
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Figure 10: Predicted ( + ) flux at various times for (a) B = 10
3 G, and (b) B2=8 =
pram.
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Figure 11: (a) Predicted ( + ) flux fluence for B = 10
3 G multiplied by 100 (dashed
curve), and B2=8 = pram (solid curve). (b) Muon signal corresponding to the fluences
given in part (a) together with the atmospheric background during 100 s arriving within
5 of the GRB direction (thick solid curves). The upper curves give the signal expected
if the source direction is horizontal, and the lower curves give the signal expected if the
source direction is in the vertically downward direction.
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